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SUMMARY 


A method is presented for calculating crippling stresses of struc- 
tural sections as a function of material properties and the proportions 
of the section. The presence of formed or anisotropic material is 
accounted for hy the use of an effective stress -strain cvirve. THp 
method of analysis applies to many sections for which a procedure for 
calculating crippling stresses \-ras not previously available. 


INTRODUCTION 


An important part of structural design is the determination of 
allowable ccm^jressive loads for the columns and stiffeners of the basic 
aircraft structure. If a member, such as a long column, is not subject 
„ to local buckling, the maximum load can be adequately predicted by 

Euler's colimin formvila with the tangent modulus used for inelastic 
stresses. However, for shorter lengths, many sections conq)osed of 
plate elements buckle locally before the column load is reached, causing 
t a reduction in column stiffness and a corresponding reduction in the 

ultimate load. As length is decreased, a point is reached where fail- 
ure is primarily a function of the cross-sectional proportions. For 
this portion of the col\mm curve, strength is relatively independent 
of length, and the average stress at maximum load has been referred to 
as the crippling stress. For practical purposes, then, the crippling 
stress is the hipest stress that can be achieved by a section and pro- 
vides an index to the capacity of the section to carry compressive load. 

Because the essentially exact determination of crippling stresses 
is extremely difficiilt, information necessary for design has been 
obtained experl mentally by testing various sections representative of 
the shapes, proportions, and materials in current use. This approach 
is adequate if one does not have to consider many materials or a wide 
variation in the properties of the material. However, the tenq>eratures 
^ achieved in high-speed flight reqtiire the introduction of heat- 

resistant materials and consideration of the effects of tenq^rature on 
material properties. The experimental determination of crippling 
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stresses vmder these conditions tends to hecome unwieldy. In order to 
eliminate the need for extensive testing programs, several investigators 
have developed empirical crippling-strength equations, based on the 
available data, relating crippling stress to the proportions of a sec- 
tion and the properties of the material- In reference 1, a method is 
presented for predicting the crippling strength of formed channel and 
Z-sections and extruded channel, Z-, and H-sections having webs with 
relatively small width-thickness ratios. Tests made in the present 
investigation indicate that the eqmtions presented in reference 1 can- 
not he expended to sections for which the width of the weh is large with 
respect to its thickness, and therefore probably cannot he considered 
to apply to extrusions in general- In reference 2 a method is presented 
that will apply to any formed section, hut such an analysis has not been 
made for extruded sections. The purpose of the present paper is to 
Introduce a method of predicting crippling stresses which will include 
the range already considered as well as sections for which a method was 
not previously available. 

Much of the material presented in this report was submitted to the 
Virginia Polytechnic Institute as a thesis in partial fulfillment of 
the requirements for the degree of Maister of Science in Applied Mechanics. 


SYMBOLS 


a 

A 

h 

h' 

C,K,n 

D 

E 

Es 

Et 

Es' 


length of plate element 
cross-sectional area of plate element 
width of plate element 
developed width of a section 
constants 

Et^ 

plate flexural stiffness per unit width, 

12(1 - p2) 

modul\is of elasticity 
secant modulus 
tangent modulus 

secant mod\ilus at Oh when ~a $ Un; secant modul\is at a 
when o' > 
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I 

k 

m 

P 

P 

t 

e 

e 


cr 


n 

0 = 

P 

0 

0 

cTcr 

°el 


moment of inertia 
■buckling- stress coefficient 

ratio of initial slope, after elastic "buckling, of curve 
of average stress plotted against unit shortening to 
slope of material stress- s-train curve 

integer corresponding to number of 'buckles in a plate 

load 

thickness of plate element 
strain 

buckling strain 

unit shortening 

strain at which Et = ^ Es 

plasticity reduction factor 


EIx 


Ap0cra^ 


'ey 


n 


Poisson's ratio 
stress 

average stress 
buckling stress 
elastic buckling stress 
crippling stress of a section 

average edge stress corresponding to strain eg 
0.2-percent-offset compressive yield stress 

stress at which E^ = ^ Eg 
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Sutscripts: 

F flange 

S skin of a sheet-stringer panel 

W weh 

max maxi Tin 7TT1 


AHALTSIS 


Crippling failures can he divided into t^/o categories: one in 

which local buckling is Initiated in the high-stress region (stresses 
greater than about three-fourths of the yield stress) ivlth failure 
occurring at little or no Increase in load, and one in which local 
buckling is elastic with a definite margin between buckling and maximum 
load. Calculation of the crippling stress for the first case is in 
essence a calculation of the plastic buckling stress. A convenient 
procedure for con 5 >utlng plastic buckling stresses is to relate the 
stress at which buckling would occinr if the material were perfectly 
elastic to the actual buckling stress by means of a plasticity reduction 
factor T] which is a function of the stress level. A value of t] that 
is simple to compute and correlates with test data is The buck- 

ling stress is then given by 


c^cr “ ^*^eZ 


( 1 ) 


where 


^ = ^Et/E 


The problem that remains, then, is the calculation of the crippling 
stress of sections which buckle elastically and then sustain further 
load before failure. 

One of the eaxllest methods used for predicting crippling stresses 
was to calculate the buckling stress for each plate element and average 
these stresses according to area. This approach is consejrvative in most 
cases because of the capacity of plate elements to support load after 
buckling. However, the concept that the crippling stress may be obtained 
by averaging stresses that axe characteristic of the individual elements 
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can still te used to formulate an eng)irical crippling analysis, as is 
illustrated in reference 3 where crippling curves are presented for 
plate elements of certain aluminum alloys. This concept is used in the 
present paper to develop crippling curves that are applicable to plate 
elements of any material. 

For this analysis, two basic plate elements are defined: plates 

with one unloaded edge free (flanges) and plates with no unloaded edges 
free (webs) . The crippling stress of any section composed of essentially 
flat plate elements is then given by 

^f (2) 

2 -^ + ^ % 

The validity of separating the crippling load into the loads carried by 
the individual parts, as in equation (2), is illustrated in the following 
sections, and appropriate expressions for by anf^ bp are developed. 


Determination of Oy and bp 

The basic problem is to determine expressions for Oy bp in 

equation (2) that will correlate id.th experiments conducted over a i-ride 
range of proportions and on many materials. The results of reference 4 
can be \ised to establish a relationship between py and b^/t^^. In 
that investigation a large number of plates of various materials were 
tested in compression in a V-groove edge fixture in order to detemnine 
a suitable parameter to define material properties which affect plate 
con 5 )ressive strength. From the results of these tests the parameter 

(Es'Cp)^/^ was foimd to correlate failing stresses for a variety of 

materials. This i)arameter was obtained in reference 4 from the approxi- 
mate representation of the curve of average stress plotted against unit 
shortening for a plate after local buckling. 


_ /e .1-m 

^ = (^) ( 5 ) 

By replacing with f average stress corresponding to any 

\mlt shortening may be written in the form 


a = 


^ egl-mW 


i^) 
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This equation suggests that the maximum value of cr for a given geometry 
is associated with the maximum value of a quantity — — evaluated 

from a material stress -strain curve. The maxi mum value of — for 

gl-m V 

its equivalent Es^“™^o^) for any material occurs at the stress at which 
Et = (l - hi)Es. a general equation for crippUng may then be written 
as 




( 5 ) 


In reference 5 good correlation of crippling stresses for web elements 
was obtained in the elastic rajige by the use of this material parameter 
with m equal to l/2. At hl^ stresses, where failiore is influenced 
by plasticity, the parameter iras modified by replacing the secemt modu- 


lus at 

£. 

parameter 


■id-th the secant modulus at the failure stress, and thus the 

\l/2 


(®s'02)^ 


evolved. 


Representative data of reference 4 for plates tested in V-groove 
fixtures are shown in figure 1, where %/^Eg ' 02 )^^^ is plotted against 
b^^/t^^. Also included are the crippling stresses obtained from tests of 
square tubes, which are in agreement with crippling stresses of plates 
tested in V-groove fixtures. The closeness of the points to a single 

curve indicates the s\iitabillty of &s a material correla- 

tion parameter. For 'hpj/t^ < ^5 "the test results are adequately repre- 
sented by the simple eqmtlon 






= 1-75 ^ 


( 6 ) 


Beyond b^ 7 /t\j = equation (5) tends to be sll^tly conservative, and 

a value of corresponding to the dashed curve in figure 1 

should be used. The curve presented in figure 1 was also shown in refer- 
ence h to be applicable to web elements of more complicated structures. 

In the determination of an expression for Oj,, a more indirect 
approach is used. If is assxmied to be given as in figure 1, val- 

ues of 0 ^ can be deduced from tests on sections containing both webs 
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and flanges. A large number of tests on channel and Z-sectlons have 
been made and the results are reported in references 5 to 12. The 
average stress carried in the flanges of these sections at naximum 
load is defined by equation (2) as 


a-p - 


- , °f - 

^ 2bp/b^ 


(7) 


From equation (j), Op was computed for the channel and Z-sections 

which buckled at less than three-fourths of the yield stress. The 
resixlts of these calculations indicated that in each material was 

related to tp/bj< by an equation of the form 





( 8 ) 


Comparison of equation (8) with equation ( 5 ) suggests the use of the 
parameter correlate flange stresses among materials. 

2\1/3 

Accordingly aji/fEg'a^ j was plotted against 'bj'/tp as shown in 

figure 2. Deviations of the data from a single curve may be caused by 
( 1 ) experimental scatter, (2) variation of the web stress from that 
given by figure 1, (3) variation of the flange stress due to interaction 
with other plate elements, and (^4-) the inability of simple parameters 


such as 




and 


to determine completely the 


effect of material properties on crippling. In a plot such as fig- 
ure 2, errors from all sources are attributed to the flange, which 
represents only a portion of the total cross-sectional area; hence 
these deviations tend to be magnified. The low points around 
bp/tp = 15 correspond to tests where the length was great enough so 


that column action may have been present. When these factors are taken 
into account, the scatter is not great and on a logarithmic plot the 
test points tend to lie on a straight line given by the equation 



(9) 


where is the stress at which ^ Eg. The line was drawn to 

give the best fit to the data for all the different materials. 
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In the preparation of figure 2, the dimensions hp and h^ were 


measured between the center lines of the plate elements as indicated in 
the figure. The material parameters for the formed sections were cal- 
culated from an effective stress-strain curve which is described in the 
section entitled "Ifeiterial Properties and the Effective Stress-Strain 
Curve." In table I are listed the values of 02 and a-^, as well as 

02^2^^^ and which might be called the elastic valiies of 




Data are given for the materials shown in 


figure 2 and for some materials that appear subsequently in this report. 


In applying the ciirves of figures 1 and 2 to other sections, it 
-I'Tas found that calculations were conservative for sections with flanges 
supported by more than one other plate element at a comer, such as an 
H-section. The hl^er load canrled by these sections can be attributed 
to the increased stability of the comers when more than two plate 
elements support each other. By assuming that the web stresses are 
still given by figure 1, a new set of flange stresses can be calculated 
from the test results on H-sections reported in references 5 to 9* The 
results of these calculations, plus the crippling stress of a few cru- 
ciform sections, are shown in figure 5- An equation of the same form 
as eqimtion (9) may be fitted to these data, but the coefficient is 
now 0.75 instead of O. 65 . The assianrption that the web stress is obtain- 
able from figure 1 is strengthened by the fact that crippling stresses 
of cruciform sections intermingle with the flange stresses for H-sections 


An empirical equation for the average stress at failiire of a flange 
element may then be written as 


(e,-052)i/5 



( 10 ) 


where Cp is O .65 for two elements at a comer and 0.75 Tor more than 
two elements at a corner. 


Alternate Form of the Crippling Equations 

In reference 4 it is shown that for many materials the parameter 
(^Es'cT 2)^/^ is approximately proportional to the parameter 
which involves commonly quoted quantities for materials. Similarly, 


the parameter 




is approximately proportional to 
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Although it is believed that the quantities 

are superior to (EsOcy) and ^EgOcy^)^^^ as material correlation 
parameters, particularly for materials having rounded stress-strain 
curves without a defined yield stress, the crippling equations for wehs 
and flanges in terms of the last two parameters are often more convenient 
to use. The data in figures 1, 2, and 5^ therefore, can also he repre- 
sented hy 



where Cj. is 0.59 for- t\ra elements at a comer and 0.68 for more than 
two elements at a corner, and where Eg is associated with ' 5 ^ and 
ff-p, respectively. 


Material Properties and the Effective Stress -Strain Curve 

The equations for and contain a term which represents 

the effect of geometry on crippling, and another term which is a measure 
of material properties. For sections which have uniform properties, the 
material parameters can he calculated directly from the con 5 )ressive 
stress-strain curve. If a material is anisotropic or has a variation in 
material properties due to forming, the stress-strain curve can he modi- 
fied to account for these variations. Keference 4 presents a sinqple 
empirical method of constructing this modified or effective stress-strain 
curve for an anisotropic material. The effective stress -strain curve 
was computed as a weighted average of the stress-strain cinrve in the 
loading direction, and the stress -strain curve in the transverse direction, 
the stress-strain c\urve in the loading direction being weighed twice 
as much as the stress-strain cxrrve in the transverse direction. Thp 
correlation that can he achieved with this type of correction is illus- 

trated in figure 1, where test points for l8-8 “ ^ 2 stainless steel, 

which is highly anisotropic, lie on the same curve as those for the 
Isotropic materials. For most materials this correction is negligible, 

hut it is inqjortant for a material such as l8-8 — H stainless steel. 

4 
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^■Jlien a section is formed from flat-sheet material, the yield stress 
in the vicinity of formed comers is generally greater than that in the 
flat sheet. This increase in yield stress res\ilts in a higher crippling 
stress than for an identical section with uniform properties corresponding 
to those of the flat-sheet material. Here again it is possible to define 
an effective stress-strain c\arve which will give satisfactory correlation 
when Tosed to calculate the material parameters necessary for predicting 
the crippling stress. Several methods of combining the properties of 
the formed and unformed parts of the sheet were tried, and the one that 
appeared to work best was also one of the simplest. It was found that 
the effective stress-strain curve for formed sections can be taken as 
the curve obtained by averaging the stress from the formed-corner stress - 
strain cinrve with the stress from the flat-sheet stress-strain curve at 
any given value of strain. Even thou^ the formed material may consti- 
tute a small percentage of total area, its stress-strain curve must be 
weighted as heavily as that for the flat-sheet material, becavise crippling 
of a conposite section is associated with failxrre of the comer and hence 
will be influenced most by the material properties in the vicinity of 
the formed comer. ^■Ihen the effective stress -strain curve is used, test 
points for formed sections intermingle with those for extr\;isions, as 
shCT-m in figure 2. Althou^ the shape of the curved corner may influ- 
ence the crippling stress, the formulas imply that the effect of increased 
yield stress due to forming is more Important. A similar observation 
can be made regarding the effect of the curved comer on buckling stresses. 
For elastic buckling the conventional formulas can be used -vrLthout con- 
sidering the effect of the ciorved comer (in general, forming does not 
change E) j in the plastic range the formulas are conservative, a fact 
which may be attributed to the increase in yield stress. These conclu- 
sions are based on the tests reported in references 10 to 12, where the 
sections were formed to a bend radius of about three to four times the 
sheet thickness. 


The effective stress-strain curve can also be used, in conjunction 
with equation (l), to calculate the buckling stress for sections of 
anisotropic material or for sections which have a variation in material 
properties d\ie to forming. This aipll cation is illustrated in figure k, 
where ejcperimental buckling stresses from reference 10 for formed channel 
and Z-sections axe conpared with conputatlons based on the effective 
stress-strain curve. The elastic buckling stress Oqi is conputed from 
the conventional plate -buckling formula: 


^el = 


12(1 - n2)\V 


( 12 ) 


Values of k^j can be found in reference 15 . If the effect of forming 

is neglected, the calculated buckling stresses are rather conservative 
as indicated by the lower curve in figure ^4-. 
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Therefore, the procediares and methods developed In the preceding 
section can he used for formed sections or anisotropic material hy the 
introduction of the effective stress -strain curve in the calculation of 
buckling stresses as weUL as crippling stresses. 


Size of Flange Necessary To Support a Web 

Results of crippling tests of flanged sections show that one type 
of fallTore occurs when the flange width is large and another type when 
the ^fidth is small. In the first case, the joints remain straight until 
failure; in the second case, the flange joint is translated upon buckling 
and failure occurs at a reduced load. The equations developed in the 
preceding section apply when the flange is large; hence it is desirable 
to know the minimum width of flange that will force a node along a joint. 

In order to establish a criterion, the flange is considered as an 
elastic beam providing deflectional restraint to a web. From the solu- 
tion for the buckling stress of a plate restrained by elastic beams, the 
significant parameters defining the restraint offered by the flange may 
be determined. In this solution, given by Timoshenko in reference 14, 
it is seen that the buckling stress is a function of a stiffness param- 
eter 0, For 6. flange sx 5 >portlng a web, 

EIp A.p0„„a^ 

0 = IL£2_ ( 15 ) 

b^%p2jt 

and as 0 approaches infinity the buckling stress approaches that of a 
simply supported plate. For the proportions encoimtered in most sections, 
the significant quantity in equation ( 15 ) was found to be EIp/bv/Dw, 

which may be written as K(bj;.^p(b^yt^j2 _ gy computing the 

crippling stresses of sections with relatively small flanges, it was 
found that if the quantity greater than 20 

the calciilations were generally in agreement with tests, but if this 
quantity was less than 20 the predictions were often unconservative. 

Most flange proportions encountered in practice are more than ade- 
quate to support the webs effectively. In some cases, however, sections 
such as hat or Z-sections may have an eiddltional small flange or lip 
which is not large enou^ to satisfy the criterion. In figure 5 the 
crippling stresses or lipped Z-sections are plotted against the size of 
the lip. When the width of the lip is large, corresponding to 
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Of can "be predicted "by the method of the present investigation. Also, 
when the lip. width is zero, "af can he con 5 )utecL as for a plain Z-section. 

The intermediate test points can he adequately predicted hy drawing a 
straight line from the value of corresponding to the smallest valTie 

of h^h^ that will satisfy relationship (li^) to the value of Of repre- 
senting the cfippllng stress of a plain Z-section. 


EXPERIMEHTAL VERIFICATION 


The method developed in the previous sections is based primarily 
on tests of aluminum-alloy channel and Z-sections. The applicahlllty 
of the procedure to other shapes, other materials, sections tested at 
at elevated temperatxire, and sections which have heen fabricated with 
riveted joints is Illustrated in the foUo\flng paragraphs. 


Arbitrary Cross Section 

In connection with the analysis of reference 2, a group of 24S-T5 
(now called 2024-15) clad alirnii.num-alloy sections were tested. These 
sections were formed to give many different combinations of webs and 
flanges such as lipped-angle, channel, and Z-sections, hat sections, 
and variolas other shapes. In table II, predictions of crippling stresses 
based on the method developed herein are conqiared with the test data 
reported in table VI of reference 2. Calciilations are based on the 
material properties given in table IV of reference 2, and agreement 
is seen to be satisfactory. 


Other tfeiterials 

The stress -strain curve of stainless steel is substantially differ- 
ent fran that of the alumlniim alloys in both height and shape. Because 
of these differences a few tests on channel and hat sections of stain- 
less steel were made to substantiate the applicability of the method to 
other materials. Test results along with predictions are shown in 
table III, It should be noted that there is a marked increase in yield 
stress d\ae to forming of the comers, as well as a considerable differ- 
ence between the with-grain and cross-grain properties. Predictions 
based on the effective stress-strain curve, which wel^ts these varia- 
tions in yield stress, ane within about ±7 percent of the test results 
except for one test for which the prediction was conservative by about 
12 percent. 
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Elevated Itenqjeratures 

Inasmuch as the crippling stress is given as a fxinction of material 
properties calculated from the stress -strain cvirve, it is expected that 
the equation will apply to tests at elevated ten5)erature if the appro- 
priate elevated-temperature stress-strain curve is used. The correla- 
tion that can he achieved is illustrated in figure 6 , where predictions 
are con^ared with the experimental crippling stresses of H-sections 
tested at elevated temperatiires and reported in reference I5. Predic- 
tions are conservative for low values of hy/t^. 


Fabricated Sections 

An in^jortant application of a crippling analysis is the calcixlation 
of the crippling strength of fabricated structirres such as sheet-stringer 
panels. However, the behavior of these panels may be affected greatly 
by the design of the riveted attachment flange between sheet and stringer, 
as shown in reference 16. The crippling curves presented herein may be 
expected to apply when near -integral attachment of the sheet to the 
stringer is achieved by the riveted joints. To check the accuracy of 
the procediire, the crippling stresses of the panels reported on in ref- 
erence 17 were calculated and are compared with experiment in table IV. 
These panels had extruied Y-section stiffeners and, according to the 
results of reference I6, the rivet attachment vra,s sufficient to achieve 
near-integral behavior. The experimental crippling stresses are for 
panels having slenderness ratios of 20 or ^i-O. The material properties 
of the 7075 -1'6 alianinum alloy varied enou^ from the average so that as 
much as 7 percent scatter could be expected for this reason alone. In 
most cases the scatter is less than 7 percent, but in a few cases it is 
as hi^ as 11 percent. The overall correlation appears to be satisfactory. 


DISCUSSION 


The empirical crippling-strength equations presented give the 
average stress carried by each of the individual plate elements which 
comprise a structural section. The loads carried by each element may 
be obtained by multiplying equations (6) and (lO) by the appropriate 
area to give 



1.75 (Eg '<^2)^^^ 


(15) 


for a web with b^/tw < 45 , and 
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for a flange. It is seen that, for a given thickness, the load carried 
hy a -weh of the width- thickness ratios encoimtered in stiffeners is con- 
stant except when h^/tij is small enough so that the crippling stress 
is in the plastic range, whereas a flange will support a load that 
increases with hp/tp. From equations ( 15 ) and (I 6 ), the distribution 
of material which gives the highest crippling stress can he q;aickly 
determined. For exanq)le, in a channel or Z-section, the optimum propor- 
tion will he such that "3^ is close to CJ 2 , inasmuch as at this value 

of stress an Increase in weh width will not increase the weh load. 
Calculations hy the present method indicate that Cf for a channel or 

Z-section may he reduced as much as 10 or I 5 percent if the distribution 
of material between the flange and weh is not optimum. Some investiga- 
tions, such sls those of references 2 and 12, have ignored the effect of 
distribution of material and have presented crippling equations for 
channel and Z-sections that give Op as a function of h'/t 

(h' = h^i + 2bp, the developed width of the section). In other words, 
if a channel or Z-section is formed from a sheet of a certain width, 
these formulas give the same crippling stress for any ratio of hp/bv^. 

In order to show experimentally the effect of distribution of 
material, the crippling results for the channel sections tested in ref- 
erence 10 have been plotted in figure 7* Values of are plotted 

against hp/h^ for constant values of h’/t hy cross -plotting the data 
given in figure 21 of reference 10. Assuming that 'df is a function 
of h'/t alone will in some cases lead to appreciable error. In order 
to st-udy further the effect of material distribution on the strength of 
sections, a series of 7075-^6 Z-sections with essentially constant val- 
iies of h'/t were tested. These resTilts are listed in table V and 
plotted in figure 8. Buckling stresses were computed from eqiiation (12) 
directly, as t| = 1 in all cases. A variation in cTf is apparent 
(about 10 percent) and the method of the present paper adequately pre- 
dicts the crippling stress throu^out the range of proportions. 

As stated previously, the val\ae of hp/b^ at which "df is a maxi- 
mum for a channel of Z-section will be such that approximately 

equals 02 . For the Z-sections of figure 8 , where b'/t = 60 , this con- 
dition will occ\Jr at bp/b^ » 0.9- However, the maximum value of the 
buckling stress is at bp/b^ « 0.4, which means that for a certain range 
"df was increasing while Ccr decreasing. In other words, if a 

section is so proportioned as to maximize the buckling stress, the pro- 
portions will not necessarily be optimum for crippling. 
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Earlier investigators discovered an apparent discrepeincy between 
crippling tests of formed and extruded sections that coul d not be readily 
explained. When was plotted against one curve resulted for 

extrusions, whereas a family of curves applied to formed sections. 

(See, for exanple, fig. 12 of ref. 1.) Ihe difference was thovi^t to 
be caused by the presence of the curved comer and the Increase in yield 
stress dTie to forming, but it was not accounted for quantitatively. 

These conclusions, however, were drawn from tests on extrusions with 
Iw/lW < 25 . In this range of proportions, a critical examination of 
the data shows that extrustions and formed sections have essentially 
the same behavior; that is, crippling results tend to lie on one curve 
when fff is plotted against Ocr- H could be expected, then, that if 
information were made available for extrusions with b^f/t^ >25 a family 
of curves of df against a^r could be plotted. Accordingly, as part 
of the present investigation, tests were made of extruded Z-sections with 
b^z/t^ equal to ^0, 35^ ^0. The failing stresses, which are given 

in table VI, are seen to be definitely lower than the predictions of 
reference 2 but are in agreement with the method of the present paper. 
Since each shape and proportion has a separate relationship of Scr 
to df, the crippling stress of a structure cannot in general be pre- 
dicted by using an enpirical relationship between Per ot found 

for another shape or proportion- 

Althoiagh the equations developed herein are based on tests where 
buckling occurred at less than three-fourths of the yield stress-, it 
liras foxmd that in many cases they could be extended throxjgh the entire 
stress range without serious loss in accuracy. In general, if the sec- 
tion is predominantly conrposed of webs or if the flanges are supported- 
by more than one other element at a comer, the procedure will yield 
satisfactory results throu^out the range of stress. Calculated results 
appearing in figures 6 and 7 in many cases involve stresses which are 
much greater than three-fourths of the yield stress and yet are in good 
agreement with experiment. The method ira-s noted to be as much as I 5 per- 
cent conservative in the plastic range when the area of the flanges weis 
a significant portion of the total area, as in a channel or Z-section. 
Inasmuch as the plastic buckling stress cannot always be easily computed, 
the method presented herein is recommended for all cases, but the 
crippling stress should never be taken lower than the plastic buckling 
stress if it is known. 


CONCLUSIONS 


An empirical analysis of the crippling strength of structural 
sections has been presented. The method applies to both extmded and 
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formed sections of artitrary shape and proportion. The following con- 
clusions can he drawn from the analysis. 

1. To satisfy the purpose of a strength analysis, the crippling 
load for an integral cross section may he taken as the sum of a set of 
defined crippling loads which are characteristic of the individual plate 
elements . 

2. The loeid carried hy a plate element of any material is propor- 
tional to a parameter which can he easily calcxilated from the compres- 
sive stf ess-strain curve. 

5 . The presence of formied or anisotropic material can he accounted 
for hy using an effective stress -strain curve in calculating the material 
parameters . 

4. A simple criterion defines the Tn-tnlTniTm size of flange necessary 
to maintain nodes at a joint after buckling. For sections with flanges 
smaller than this min-tTnum size, an extension of the basic procedure can 
he used to calculate the crippling stress. 

5. Proportioning a section to maximize the buckling stress will 
not necessarily maximize the crippling stress. 


Langley Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va., September 12, 1955* 
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TABLE I 

VALUES OF mTERIAL PARAMETERS 



^'Aluminum alloy imless otherwise indicated. 

Properties for formed sections were obtained from effective 
stress-strain curves. 
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TABLE II 

COMPABISON OP EXPERIMENTAL AND PREDICTED CRIPPLING STRESSES 
FOR FORMED 2024 -T5 CLAD SECTIONS 



table VI of reference 2. 

^^Based on the material, properties in table IV of reference 2. 
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TABLE IV 


COMPARISON OF EXPERIMENTAL AND PREDICTED CRIPPLING STRESSES 
FOR PANEIfi WITH EXTRUDED Y-SECTION STIFFENERS 


■ts 

by 

■fcy 

ksl, for 2024 -T 

ksi, fo: 

% 

-Jt- 

■ts 

Experimental^ 

Predicted 

Experimental®' 

25 

20 

o. 4 o 

42.7 

43.2 

58.1 

55 

20 

.40 

36.9 

57.0 

52.3 

50 

20 

.40 

32.0 

30.8 

43.9 

25 

25 

.40 

43.0 

43.0 

58.2 

55 

25 

.40 

36.0 

57-3 

49.1 

50 

25 

.40 

31.4 

31.4 

43.6 

25 

55 

50 

50 

.40 

.40 

43.5 

36.2 

42.0 

57.1 

47.4 

50 

25 

50 

20 

.40 

.65 

30.6 

45.1 

31.5 

43.5 

63.3 

55 

20 

.65 

40.6 

39.2 

54.7 

50 

20 

.63 

34.6 

34.6 

51.0 

75 

20 

.65 

30.0 

29.1 

43.5 

25 

25 

.65 

41.5 

42.0 

58.9 

55 

25 

.65 

57.4 

38.4 

55.1 

50 

25 

.65 

34.8 

54.3 

51.2 

75 

25 

.65 

30.1 

29.4 

43.8 

25 

55 

50 

50 

.65 

.63 

41.0 

36.8 

4 0 .2 

37.2 

49.9 

45 

50 

.63 

35.6 

53.5 

46.6 

75 

50 

.63 

30.6 

29.1 

59.7 

25 

20 

1.00 

42.4 

42.3 

64.0 

55 

20 

1.00 

41.1 

40.2 

58.3 

45 

20 

1.00 

58.7 

37.2 

57.0 

75 

20 

1.00 

34.2 

33.4 

49.6 

25 

25 

1.00 

59.1 

40.3 

58.7 

55 

25 

1.00 

59.1 

38.5 

54.8 

45 

25 

1.00 

57.0 

36.2 

55-1 

75 

25 

1.00 

34.2 

32.9 

47.7 

55 

50 

1.00 

37.6 

36.5 

48.3 

45 

50 

1.00 

55-3 

34.7 

47.1 

75 

50 

1.00 

51.7 

31.8 

43.5 


“From reference 17 - 
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TABLE V 

DIMENSIONS AND TEST RESULTS FOR FORMED 7075-T6 
ALUMINUM-ALLOY Z-SECTIONS^ 

[e = 10,500 ksij acy = ?2-5 



hF/bw 

a/bw 

Area, 
sq in. 

0gj., ksi 

Of, ksi 

41.7 

0.211*. 

2.55 

0.595 

27.0 

41.0 

29.9 

.1*-91 

1*-.82 

.59!^ 

54.6 

^5.5 

30.1 

.1*90 

4.82 

.595 

29.4 

43.1 

21.6 

.870 

6.27 

.595 

22.4 

45.0 

22.0 

.865 

6.21 

.590 

21.2 

44.9 

15.2 

l.k 6 

8.89 

• 599 

20.2 

41.6 

ll<-.7 

1.51 

9.11 

.600 

19.0 

41.5 


^Thickness of sheet was nominally 0.102 inch with h'/'t = 6o. 


TABLE VI 

CRIPPLING STRESS OF EXTRUDED 7075 -T6 ALUMINUM-ALLOY 
Z-SECTIONS WITH hw/t^ > 25 

Jacy = 78.6 ksi; E = 10,500 ks^ 


hv7/% 

0cr^ ksi 

Experimental 
o'^, ksi 

Predicted 

ksi 

Present Investigation 

Reference I®" 

30.4 

59.2 

47.1 

47.6 

52.8 

50.2 

39 .h 

i^7-5 

47.8 

55.0 

50.4 

59.5 

47.0 

47.6 

52.9 

55.4 

25.5 

40.5 

42.7 

47.4 

55.4 

26.5 

41.4 

44.0 

47.9 

41.0 

24.4 

57.2 

58.7 

46.8 

59-8 

25.8 

58.5 

59.^ 

46.6 

59.5 

25.1 

58.9 

59-7 

47.2 


a Of = O.8O0^//^ac//^. 
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Flgiare 1.- Correlation of meixiraum average stress wltli material properties 

for plates (ref. 
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Figure 2. - Correlation of mELximum average stress witli material properties 
for flanges of channel and Z-sections. (Points at bp/tp ** 90 are 
from unpublished data; other points are from refs. 5 to 12. ) 







Figure 5.- Correlation of mayi mum average stress -with material properties 
for flanges of H-sections. (Points for cniciform sections are from 
unpublished data; other points are from refs. 5 to 9*) 
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